Recent studies showed hepatoprotective, neuroprotective, and immunomodulatory properties of polyprenols isolated from the green verdure of Picea abies (L.) Karst. This study aimed to investigate effects of polyprenols on oligodendrogenesis, neurogenesis, and myelin content in the cuprizone demyelination model. Demyelination was induced by 0.5% cuprizone in CD-1 mice during 10 weeks. Nine cuprizone-treated animals received daily injections of polyprenols intraperitoneally at a dose of 12-mg/kg body weight during Weeks 6-10. Nine control animals and other nine cuprizone-treated received sham oil injections. At Week 10, brain sections were stained for myelin basic protein, neuro-glial antigen-2, and doublecortin to evaluate demyelination, oligodendrogenesis, and neurogenesis. Cuprizone administration caused a decrease in myelin basic protein in the corpus callosum, cortex, hippocampus, and the caudate putamen compared with the controls. Oligodendrogenesis was increased, and neurogenesis in the subventricular zone and the dentate gyrus of the hippocampus was decreased in the cuprizone-treated group compared with the controls. Mice treated with cuprizone and polyprenols did not show significant demyelination and differences in oligodendrogenesis and neurogenesis as compared with the controls. Our results suggest that polyprenols can halt demyelination, restore impaired neurogenesis, and mitigate reactive overproduction of oligodendrocytes caused by cuprizone neurotoxicity.
polyprenols varies from 6 to 40 isoprene units (Roslinska, Walinska, Swiezewska, & Chojnacki, 2002; Zhang et al., 2015) .
A small amount of polyprenols in the form of free alcohols, carboxylic esters, and phosphate esters is present in cell membranes . Bacterial and some plant membranes contain unsaturated polyisoprenols (polyprenols), whereas unicellular eukaryotes, fungi, animal, and some plant tissues contain saturated polyisoprenols (dolichols; Roslinska et al., 2002) . After administration in small animals, polyprenols were found in high concentrations in the liver, kidneys, and lungs and in lesser concentration in the brain, spleen, and other organs (Chojnacki & Dallner, 1988) . Upon subfractionation of the liver, most of the polyisoprenoids were recovered in the mitochondrial-lysosomal fraction (Jakobsson, Swiezewska, Chojnacki, & Dallner, 1989) . In the liver, polyprenols are mostly modified to metabolically more active forms via α-saturation and phosphorylation by a specific kinase (Chojnacki & Dallner, 1988) . The dolichol phosphate cycle plays an important role in biosynthesis of membrane and intracellular glycoproteins. Phosphates of polyisoprenoids, due to their hydrophobic properties, act as carriers of glycosyl residues across membranes during glycosylation reactions (Walinska, 2004) , C-and O-protein mannosylation, and cell wall biosynthesis (Hartley & Imperiali, 2012) . Due to a large number of unsaturated carbon bonds, polyprenols are prone to oxidation, being precursors of a variety of compounds, including terpenes and steroids (Walinska, 2004) .
Polyprenols and their metabolites have attracted considerable attention due to their proven hepatoprotective, antioxidant, neuroprotective, immunomodulating, and proliferative activity. Yang, Wang, Ye, and Li (2011) and J. Yu et al. (2012) demonstrated hepatoprotective effect of polyprenols in the model of tetrachlorideinduced hepatic damage using liver function tests and histology.
The authors associated the effect with a reduction of oxidative damage, downregulation of pro-fibrogenic stimuli, inhibition of activation of hepatic stellate cells, and protection of hepatocytes. In a pilot clinical study, 30-day polyprenol treatment of patients with chronic alcoholism (Soultanov et al., 2010) resulted in significant improvement of blood biochemistry according to the clinical liver, pancreas, and kidney tests.
The effect of polyprenols of natural origin was investigated in animal models of Alzheimer's disease. In particular, Fedotova et al. (2016) and Fedotova, Soultanov, Nikitina, Roschin, and Ordayn (2012) showed that 4-week administration of polyprenols ameliorates cognitive impairment caused by intracerebroventricular injection of β-amyloid (Acs et al., 2009; Bakker & Ludwin, 1987; Barnett & Prineas, 2004; Deshmukh et al., 2013; Festing, 2014; Iwasa et al., 2014; Khodanovich et al., 2016; Lucchinetti et al., 2000; Vega-Riquer, Mendez-Victoriano, Morales-Luckie, & Gonzalez-Perez, 2017; Veto et al., 2010; Q. Yu et al., 2017) in the passive avoidance paradigm, Morris water maze, and an open-field test. Soultanov et al. (2017) using the same animal model demonstrated positive effect of polyprenol administration on the depression-like behavior in the forced swimming test. Moreover, these authors Soultanov et al., 2017 ) also showed synergic positive effect of testosterone and polyprenols on β-amyloid-induced impairment in gonadectomized rats. A similar effect of polyprenol treatment was described by Wang, He, Yan, Zheng, and Liu (2014) (Soultanov et al., 2010) , polyprenol treatment of patients with chronic alcoholism enhanced the alpha-rhythm power and decreased pathological excitation in the frontal brain areas.
Mild immunomodulating and antiviral properties of polyprenyl phosphates were shown by Pronin et al. (2002) . The authors reported inhibition of an early phase of interleukin 1 and Con A interaction in spleen cells, lypoxigenase activity, and expression of interleukin 2 receptors by polyprenyl phosphates. At the same time, phosprenyl stimulated natural killer cell activity and early TNF-α production (Pronin et al., 2002) .
Due to participation in glycan biosynthesis and N-linked protein glycosylation, polyprenyl phosphates and dolichyl phosphate are important regulators of cell proliferation. It was shown that the rate of dolichyl phosphate and glycoprotein synthesis is linked to the growth rate of Chinese hamster ovary cells and cell division (Hartley & Imperiali, 2012; Swiezewska & Danikiewicz, 2005) . Moreover, the studies have confirmed that dolichyl phosphate is a rate-limiting substrate in N-linked glycosylation and is thereby a key factor in cellular development (Hartley & Imperiali, 2012; Swiezewska & Danikiewicz, 2005) . Inhibition of polyisoprenol biosynthesis resulted in abnormal gastrulation, which correlated with the inability of the cell to produce glycoproteins. Addition of exogenous dolichol allowed for normal gastrulation, suggesting that dolichyl phosphate is a limiting reagent for N-linked glycosylation of proteins and subsequent cellular transformations (Hartley & Imperiali, 2012) .
We hypothesize that the spectrum of biological activity of polyprenols may be of significant interest in treatment of multiple sclerosis (MS), a chronic inflammatory demyelinating and neurodegenerative disorder. In addition to traditional anti-inflammatory MS therapies, the use of complementary and alternative herbal medicine gained substantial attention over the past years as a way to alleviate neurological deficit and augment neuroprotection (Mojaverrostami, Bojnordi, Ghasemi-Kasman, Ebrahimzadeh, & Hamidabadi, 2018; Zarshenas, Ansari, Dadbakhsh, & Mohammadi, 2018) . The search for new agents that could enable the restoration of damaged myelin and prevent neurodegeneration is of crucial importance for further progress in the treatment of this condition. Given the effect of polyprenols in various neurological and cognitive conditions demonstrated in animal models and in humans and the fact that toxicity of pure polyprenols is virtually absent (Wang, Yuan, Li, Zhang, & Ye, 2015) , these substances can be of interest for preclinical testing in animal models of MS.
The objective of this study was to investigate the treatment with polyprenols in an established animal model of MS, cuprizone-induced demyelination in mice. Cuprizone [oxalic acid bis(cyclohexylidene hydrazide)] is a copper chelator that causes reversible widespread demyelination in the murine brain structures characterized by primary oligodendrocyte depletion, microglial activation, and astrogliosis (Kipp, Clarner, Dang, Copray, & Beyer, 2009; Praet, Guglielmetti, Berneman, Van der Linden, & Ponsaerts, 2014) resembling type III human MS lesions (Lucchinetti et al., 2000) that are believed to represent the earliest stage of MS pathology (Barnett & Prineas, 2004) . Certain features of this model, particularly after prolonged cuprizone exposure, such as prominent demyelination of gray matter (Khodanovich et al., 2017) and neuroaxonal degeneration Praet et al., 2014) , also mimic clinically relevant pathological aspects of normal-appearing brain tissue damage in chronic and progressive MS. The cuprizone model is commonly considered beneficial for studying mechanisms of demyelination and remyelination in isolation from autoimmune factors and preclinical tests of new interventions for promoting remyelination and neural tissue recovery in MS Praet et al., 2014) . In line with previous studies utilizing the cuprizone model to assess the efficacy of therapeutic agents preventing demyelination and promoting remyelination (Acs et al., 2009; Deshmukh et al., 2013; Iwasa et al., 2014; Veto et al., 2010; Zhang et al., 2008) , we sought to evaluate a potential effect of polyprenols on the extent of demyelination and restorative processes including neurogenesis and oligodendrogenesis in the cuprizone-treated mice.
| MATERIALS AND METHODS

| Animals
Adult 8-week-old male CD-1 mice (n = 27) were obtained from the vivarium of the Institute of Pharmacology of the Siberian Branch of the Russian Academy of Sciences. Although the typically used strain for creating the cuprizone model is C57BL/6 mice Praet et al., 2014) , we have chosen the most common in preclinical drug safety and efficacy testing CD-1 strain (Festing, 2014) . Cuprizone-induced demyelination can be successfully generated in CD-1 mice, which was demonstrated earlier (Bakker & Ludwin, 1987; Vega-Riquer et al., 2017; Q. Yu et al., 2017) , though lower sensitivity of this strain to cuprizone intoxication was documented (Q. Yu et al., 2017) . Only male animals were used because females are known to be less susceptible to cuprizone demyelination . The age of the animals at the beginning of the experiment was chosen according to the standard guidelines for the cuprizone model Praet et al., 2014) . Animals were housed with a 12-hr dark-light cycle at a temperature of 21 ± 2°C and humidity of 40 ± 2%. Food and water were provided 
| Substances
Demyelination was induced in the mice with cuprizone (bis(cyclohexanone)oxaldihydrazone, Sigma-Aldrich, USA). Pharmaceutical-grade polyprenols (at least 95% polyprenols or long-chain isoprenoid alcohols, including eight to 18 isoprene residues) were isolated from the green verdure of Picea abies (L.) Karst as previously described (Fedotova et al., 2012) and supplied as the registered pharmaceutical form (Ropren®, Prenolica Limited, Melbourne, Australia). The oil vehicle used in this study was 100% refined olive oil (F.lli Ruata S. p.A., Italy).
| Experimental design
The experiment was designed to test the hypothesis that polyprenol treatment can halt acute demyelination caused by cuprizone and/or prevent the development of chronic demyelination. After 10 days of quarantine, the animals were randomly divided into three groups, nine mice in each group: control + vehicle, cuprizone + vehicle, and cuprizone + polyprenols. The cuprizone animal model of MS was induced as previously described (Khodanovich et al., 2016; Koutsoudaki et al., 2009; Pott et al., 2009 ). The cuprizone + vehicle and cuprizone + polyprenols groups were fed with the standard chow diet containing 0.5% cuprizone for 10 weeks. Of note, the cuprizone dosage was at the high end of the dose range typically used in cuprizone studies (0.2-0.5%; Gudi, Gingele, Skripuletz, & Stange, 2014; Kipp et al., 2009; Koutsoudaki et al., 2009; Praet et al., 2014; Q. Yu et al., 2017) in view of its less pronounced toxic effect in CD-1 mice as compared with C57BL/6 mice (Q. Yu et al., 2017) , for which the optimal dose of 0.2% has been suggested (Gudi et al., 2014) . A similar dose (0.5-0.6%) was used earlier for the same strain (Bakker & Ludwin, 1987) , where it produced visible myelin degradation by the third week and almost complete demyelination after 7-9 weeks of cuprizone administration. The control + vehicle group was fed the regular vivarium chow. The animals in the cuprizone + polyprenols group were given daily intraperitoneal injections of polyprenols at a dose of 12 mg/kg (dissolved in 0.1 ml of oil vehicle) from the sixth week of cuprizone treatment. The animals of the control + vehicle and cuprizone + vehicle groups were injected with the same volume of the vehicle from the sixth week. The timeframe of the experiment was chosen to begin treatment with polyprenols at the peak of acute demyelination, which is achieved from the fifth to sixth week of cuprizone administration according to the literature (Gudi et al., 2014; Kipp et al., 2009; Praet et al., 2014) . Continued cuprizone administration typically results in chronic demyelination with nearly complete myelin loss and a substantially reduced remyelination capacity (Gudi et al., 2014; Kipp et al., 2009; Praet et al., 2014) . Two days before the end of the experiment, the mice were tested in an open field. After 10 weeks of cuprizone feeding, the mice were transcardially perfused with 4% paraformaldehyde under ether anesthesia. The brains were removed and fixed overnight in paraformaldehyde at 4°C. The brains were cryoprotected in graded concentrations of sucrose in phosphate buffer (24 hr at 10% and 24 hr at 20%) at 4°C and were then frozen in liquid nitrogen and stored at −80°C for further immunofluorescence study. Myelin density on the MBP images was quantified in the above structures by measuring the mean intensity in corresponding ROIs.
| Open-field testing
The mean intensities from each structure were averaged across ROIs and across photographs for each animal. Additionally, MBP was quantified from stained sections using the same ROIs and the Otsu thresholding method in the ImageJ implementation. Percentage of the total area of detected objects was used as a surrogate measure of MBP density (Ercan et al., 2017) .
Oligodendrogenesis was evaluated in a series of white and gray matter structures including the corpus callosum, cortex, and caudate puta- 
| Statistical analysis
All statistical analyses were carried out in Statistica 10.0 for Windows (StatSoft Inc., Tulsa, OK, USA). Mean values and standard errors of all investigated parameters were calculated for each anatomical structure.
Normality of the data within animal groups was assessed using the Shapiro-Wilk test. Levene's test was used to assess homogeneity of variances between the groups. No significant deviations from the normal distribution and differences in sample variances were found, and therefore, parametric analyses were used. Behavioral data were compared between the groups using a one-way repeated-measures analysis of variance (ANOVA) model. Immunofluorescence data were compared between the control + vehicle, cuprizone + vehicle, and cuprizone + polyprenols groups using a two-way repeated-measures ANOVA model (two factors: "group" factor with three levels, repeated-measures "structure" factor with a number of levels depending on the type of labeling). Post hoc pairwise tests withTukey's correction for multiple comparisons were performed for each type of ANOVA. Statistical significance was defined as a p value less than 0.05.
3 | RESULTS
| Polyprenols decrease cuprizone-induced behavioral deficits
The results of open-field tests are shown in Figure 1 . The animals from the cuprizone + vehicle group had a significantly lower locomotor and grooming activity and a higher level of anxiety-like behavior compared with controls. Polyprenol treatment significantly increased locomotor activity and completely reversed anxiety-like behavior caused by cuprizone feeding. 
| Polyprenols decrease cuprizone-induced demyelination
| Polyprenols decrease oligodendrocyte overproduction
The effect of cuprizone and polyprenol treatment on oligodendrogenesis in the mouse brain was examined using staining against NG2 showed significantly increased amount of OPCs in the corpus callosum, cortex, and caudate putamen compared with both the cuprizone + polyprenols and control + vehicle groups (Figure 3b ).
The number of NG2-positive cells in the cuprizone + polyprenols group was not significantly different from the control + vehicle group.
| Polyprenols restore impaired neurogenesis
The effect of cuprizone and polyprenol treatment on neurogenesis in the mouse brain was examined using immunostaining against DCX significantly decreased in this group, which is in agreement with the previous studies (Gudi et al., 2014; Khodanovich et al., 2016; Khodanovich et al., 2017; Kipp et al., 2009; Koutsoudaki et al., 2009; Pott et al., 2009) , 2017) and neurogenesis (Abe et al., 2015; Hillis, Davies, Mundim, Al-Dalahmah, & Szele, 2016) caused by cuprizone intoxication were reproduced in our model. It is known that cuprizone-induced demyelination causes oligodendrocyte overproduction (Q. Yu et al., 2017) but maturation is delayed (Xing et al., 2014) . The increased subpopulation of OPCs mostly originates from the SVZ and migrates to demyelinated areas (Xing et al., 2014) . We observed an increased amount of OPCs as indicated by the NG2 marker in demyelinated brain structures in agreement with the literature (Xing et al., 2014 , Q. Yu et al., 2017 . Similar to the recent studies (Abe et al., 2015; Hillis et al., 2016) , we have also found that cuprizone impairs neurogenesis in both neurogenic niches, SVZ and subgranular layer of the dentate gyrus, as indicated by the diminished number of DCX-positive young neurons.
Several earlier clinical and preclinical studies have demonstrated beneficial effects of polyprenols in certain neuropsychiatric conditions including chronic alcoholism (Soultanov et al., 2010; Wang et al., 2014) , cognitive impairment and depression in the models of Alzheimer's disease (Fedotova et al., 2012; Fedotova et al., 2016 ; (Surmacz & Swiezewska, 2011) . Although little is known about mechanisms of brain-specific biological activity of polyprenols, one may speculate that some of their properties confirmed earlier could be responsible for the positive therapeutic effect in this and previous studies. Polyprenols can accumulate at relatively high levels within eukaryotic organisms (Hartley & Imperiali, 2012) . Unsaturated plant polyprenols and dolichols are known as potent antioxidants (Cavallini et al., 2016; Swiezewska & Danikiewicz, 2005) . Either directly or after conversion to dolichols in eukaryotic cells via polyprenol reductase pathway (Swiezewska & Danikiewicz, 2005) , polyprenols may work as scavengers for reactive oxygen and nitrogen species, thus protecting cells from the oxidative stress.
Mitochondrial dysfunction caused by oxidative injury is considered a primary mechanism triggering oligodendrocyte apoptosis in cuprizone intoxication (Praet et al., 2014) . Notably, oligodendrocytes are known as the most vulnerable to oxidative damage neural cell population (Praet et al., 2014) . Oxidative mitochondrial injury associated with microglial activation is also an important mechanism responsible for chronic demyelination, axonal damage, and neurodegeneration in MS as well as other neurodegenerative diseases (Witte, Geurts, de Vries, van der Valk, & van Horssen, 2010) . For this reason, various antioxidant therapies in MS are actively investigated (Spain et al., 2017) . Another possible explanation of the effect of polyprenols on myelination can be related to their capability of bioconversion to dolichols (Swiezewska & Danikiewicz, 2005) , which are known as critical precursors in the biosynthesis of myelin glycoproteins (Uyemura, Horie, Suzuki, & Kitamura, 1981; Volpe, Sakakihara, & Ishii, 1987) . As such, remyelination may cause an increased consumption of dolichol derivatives, similar to myelination during the brain development (Volpe et al., 1987) , and their exogenous supplementation may be beneficial for myelin recovery.
This study has several limitations. First, the effects of cuprizone intoxication and polyprenol treatment were evaluated at a single time point. More time points will be necessary in future studies to separately assess the action of polyprenols during acute and chronic demyelination stages. Second, the study did not involve a control group with polyprenol treatment only. However, it is extremely unlikely that inclusion of the additional control group could change the conclusions of this study, because toxicity of polyprenols is known to be negligible (Wang et al., 2014) . Third, we used the outbred CD-1 mice, which are common for toxicology and pharmacology research (Festing, 2014) but more resistant to cuprizone demyelination as compared with the typically used for this model inbred C57BL/6 strain (Q. Yu et al., 2017) . Although both demyelination and the polyprenol treatment effect were successfully demonstrated in this study, our results may need to be replicated in a better characterized C57BL/6 murine model. Finally, a more extensive panel of markers and additional gene expression studies would be needed to identify mechanisms of the therapeutic effect of polyprenols, including, in particular, evaluation of apoptosis, glial proliferation, inflammation, and immune responses. These aspects were beyond the scope of this exploratory study and need to be addressed in future works.
| CONCLUSIONS
In summary, this study demonstrated that plant polyprenols have a potential to repair cuprizone-induced damage to the mouse brain.
Our results suggest that polyprenols can halt demyelination, recover suppressed neurogenesis, and mitigate reactive overproduction of immature oligodendrocytes caused by cuprizone neurotoxicity. Given the lack of effective remyelination therapies for MS, polyprenols should be fast-tracked for further testing in other animal models and humans.
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